INTRODUCTION
Primate sociality, as in many other animals, is driven by predation risk (van Schaik 1983; Majolo et al. 2008) . Group-living does not, however, reduce risk equally across all group members. Indeed, long-standing theoretical considerations (Hamilton 1971) , backed by empirical evidence (Ron et al. 1996; Quinn and Cresswell 2006; De Vos and O'Riain 2010) , indicate that animals on the margins of groups are more vulnerable to attack because they have larger 'domains of danger'.
Predation-driven sociality also entails unavoidable competition for local resources (van Schaik 1983; Dunbar 1988) , generating a potential trade-off between the need to forage efficiently (generally achieved by keeping at a distance from others) and maintaining a safe position within the group (achieved by keeping in close proximity to others). This means that an animal should position itself relative to other group members in ways that maximise the benefits from reduced risk while minimising the costs of scramble competition (Krause and Ruxton 2002; Morrell and Romey 2008) . This task will be easiest for animals that, directly or indirectly, regulate the movement and location of others. Not surprisingly, therefore, most accounts identify physical size and/or social rank (Hirsch 2010) as the primary individual attributes driving the spatial structure of groups. In the main, higher ranking animals in monkey groups occupy the centre, where their rank still affords them priority of access to resources, while subordinates occupy the margins, where increased predation risk may carry some compensation in the form of improved foraging opportunities (Robinson 1981; Collins 1984; Janson 1990; Hall and Fedigan 1997; Heesen et al. 2014) .
Given the strength of selection imposed by predation, however, we would expect disadvantaged group members to attempt to attenuate or circumvent the strictures imposed by rank. As the extent of exposure to risk is set by the proximity of others, one obvious route to safety runs through the use or exploitation of grooming to cultivate social ties that reduce exposure. Data from groups or species in which there is a preference for grooming up the dominance hierarchy, provide implicit evidence for this. While this is usually explained in terms of coalitionary support (Seyfarth 1980; Schino 2006) , it also holds that if dominant animals are less exposed to risk, this must also be true for the groomer; more so if the spatial association persists beyond the grooming bout. This allows us to distinguish between the benefits of providing grooming ('social effort') and the passive benefits that accrue to being a target of grooming ('popularity'). Unfortunately, grooming partners in such systems are usually closely ranked, making it difficult to determine whether lower-ranking animals are motivated to groom dominant animals but are competitively excluded, or whether they simply avoid clusters of high ranking females (Henzi and Barrett 2007) , the latter of which then groom one another because they are spatially associated.
We work on a population of vervet monkeys (Chlorocebus pygerythrus) that is characterised by large mean group size and high predation (Pasternak et al. 2013; Van de Ven et al. 2013; Ducheminsky et al. 2014) . In these groups, the presence of strong, linear dominance hierarchies does not underpin social preference, neither prior to Matlock 2013) nor at the time of the current study (Josephs 2015) and it is likely that the size and dispersion of our groups attenuates the influence of rank as a structuring force (Henzi and Barrett 2007) and instead promotes the benefits of broad social integration (McFarland et al. 2015) .
Here, we use spatially explicit data to test the prediction (i) that group members who give and receive more grooming, but not those that are high ranking, have smaller domains of danger and spend less time vigilant, which is the proximate index for predation risk (Robinson 1981) . We also consider the possibility that safety seeking involves a trade-off against foraging efficiency (Krause 1994; Bumann et al. 1997) . If animals tolerate larger domains of danger in order to eat without impediment, we expect (ii) to see this reflected as an increase in foraging time, which is our measure of efficiency. Recent evidence suggests that highranking vervets make this trade-off by leading the group (Teichroeb et al. 2015 . See also Janson 1990 for capuchin monkeys). As a subsidiary prediction, therefore, we test whether (iii) if not central, dominant animals are more likely to be found at the front of the troop.
To assess the first two predictions, we make use of bounded Voronoi tesselation (James et al. 2004 ) as a way to develop a more animal-centered measure of predation risk. In most studies, the centre of mass of the troop is calculated, and animals' positions are assessed relative to this centre. This imposes a human viewpoint on spatial distribution, and makes the implicit assumption that animals have some sense of the centre of the troop and position themselves accordingly. As this seems inherently unlikely to be the case, we make the more realistic assumption that animals monitor the presence of others in their field of view and adjust their position accordingly. Voronois tesselation better captures this process and allows the calculation of domains of danger in terms that are more likely to reflect the animals' perceptual experience.
METHODS

Study animals and site
Data were collected between January 2014 and May 2014 from two habituated troops of vervet monkeys (NPT= 25; NRBM=43), occupying a predator-rich, semi-arid riparian woodland in in South Africa (Pasternak et al. 2013 ). All subjects were identifiable from natural markings and could be approached on foot to within 1m. Observational data collection protocols were approved by the University of Lethbridge Animal Welfare Committee (Protocol 0702).
Spatial data collection
Individual spatial locations were recorded with handheld, GPSenabled computers (Trimble Nomad). While the absolute recording error was ~5m, the relative error of inter-individual distances was ~1m. To construct realistic domains of danger, we collected timestamped GPS records for all non-infant troop members (NPT=17; NRBM=34) at one of two pre-determined times (~0800h and ~1600h) on each field day (hereafter called "sweeps"). Three to four data collectors for RBM, and one to three for PT, collected data on the identity and location of as many individuals as possible over a 10min period. Positions were recorded by standing next to the animals or, if they were arboreal, by standing at the base of the tree. To maximise encounter rate, we did not record activity during these sweeps. As each observer collected points independently, we acquired repeated point locations for most subjects. We completed a total of 147 sweeps (NRBM=73; NPT=74). The mean number of individuals identified per sweep was 14.4±1.9 SD for PT and 25.6±4.0SD for RBM. We found no systematic variation in our ability to detect individuals and exclusion from a sweep was likely to have been a consequence of the animal's location at the centre of one of the very dense thickets that typify the study site.
GPS data were entered into ArcGIS 10.2 (ESRI 2011). To generate a snapshot of the individual positions at a single moment, we used interpolation and group movement extrapolation. We first identified the time during the sweep that maximised the number of subjects for which we had data both earlier and later. We then interpolated their position to that time, using the standard assumption of movement in a straight line at a constant speed, which, for the time between successive records in our data, has a small margin of error (Dostie 2014) . To infer the position of subjects without repeated data, we determined the mean movement velocity of subjects for which we had more than one point location. Depending on whether the positions had been collected before or after the designated snapshot time, we then assigned locations either by adding or subtracting this mean movement velocity from the recorded positions (see Josephs 2015 for detail).
We used the area (m 2 ) of Voronoi tesselations as an index of the extent of an animal's exposure to risk (Hamilton 1971) . To set the limits of marginal tesselations (James et al. 2004 ), we used the modal distance (15m) at which our animals first indicated that they had seen both natural and model land and aerial predators (N. Ducheminsky, unpublished data). The direction of travel of the troop was determined from the average direction of travel of resampled individuals and was used to identify the animal at the front of the troop. The straight-line distance of each subject to a line drawn through the front animal, perpendicular to the direction of travel, was recorded as its distance from the front. A sample snapshot illustrating interpolated domains of danger and location in relation to the direction of travel is provided in Figure 1 .
Activity and social networks
We used instantaneous scan samples (J. Altmann 1974), taken every 30 minutes, to record the activity of visible subjects (NPT=7584 records, NRBM=9446 records) over the study period. We identified four behavioural states (foraging, moving, resting and grooming) as well as vigilance, recorded when an animal was visually scanning the environment beyond its immediate surroundings (Baldellou and Henzi 1992) . These data allowed us to estimate the proportion of time spent in each of these states by each subject over the study period. A subset, comprising those scans taken just prior to each sweep, was used to establish general activity schedules at the time of the sweep. When animals were allogrooming, we identified both partners and noted their roles (groomer/recipient). We used these to generate weighted, directed grooming interaction matrixes for each troop, with the value for each member of a dyad (A,B), calculated as:
where, depending on the matrix, NG is either the frequency of A's grooming given to -or received from -B, while (NA+NB) is the sum of the total number of scans recorded for A and B.
To quantify social effort and popularity respectively, we used UCINET 6 software (Borgatti et al. 2002) to generate estimates, for grooming received and given respectively, of In-and OutStrength Centrality for each subject. Strength estimates the weight of an individual's association with its direct associates. Centrality reflects the extent to which individual nodes in a network are connected to others. It is computed as the sum of the weights of the edges (weighted grooming interactions) that connect the node (subject) to other nodes (Whitehead 2008) .
To conform to other current analyses by our group (Murphy et al. in prep.) we used In-and Out-Strength Centrality as the measure of association breadth, rather than the number of partners (McFarland et al. 2015) , after confirming that the two estimates were strongly positively correlated (Tables S1 and S2 ). The significant negative correlations between In-and Out Strength Centrality and network measures of variation in grooming diversity (In-and Out CV. Table S2 ) also established that our measures could differentiate between broad and restricted social engagement. At the same time, In-and Out-Strength Centrality were not themselves correlated. We are confident, therefore, that these single measures of sociability are able to capture the nature of social engagement identified in the predictions, with each independently providing a measure of the extent of an animal's sociability.
We restricted final analyses to those animals that were integrated into the adult social dominance hiercharchy (NPT=14; NRBM=28).
Dominance
Data from ongoing, ad libitum observations across the study period allowed us to construct separate dominance hierarchies for each sex in each troop based on the outcome of all observed, decided agonistic events. Each animal's rank was expressed as a normalized David's score (Stevens et al. 2005) , which was then standardised to facilitate comparisons across sex and troop ).
Statistical analysis
We entered standardised dominance rank, grooming in-strength centrality and grooming out-strength centrality as fixed effects in each of two linear mixed models to assess the effects of sociability and dominance on (i) the extent of exposure and (ii) the probability of being in the vanguard of the troop. Troop identity and subject sex were entered as control variables. Subject identity was entered as a random effect. Following Barr et al. (2013) , we specified random slopes for as many predictor variables as still allowed the model to converge.
In the absence of data of adequate resolution at the level of the sweep, we used single linear models to regress (a) mean exposure and (b) mean distance from the front of the group on foraging and vigilance aggregated across the study period. Mean exposure and mean distance from the front for each adult across the study period were entered as the criterion variables and the proportions of time that it spent foraging and vigilant as predictor variables, after determining that foraging and vigilance were not correlated (r=-0.127, N=42, P=0.42. Data are provided in Table S1 ). We entered Troop and Sex as control variables.
As we had no a priori predictions for interactions, we ran each model with main effects and then, after testing whether they differed significantly from the control models, using the Akaike information criterion (AIC) and likelihood ratio tests to do so, we did the same to determine whether the models were improved by the addition of interaction terms. We evaluated the distributions of the criterion variables and the residuals of final models, and compared obtained standard errors to robust standard errors (King and Roberts 2015) . The models we report are those that best met the assumptions of normal error structure and were run using STATA 14 statistical software (StataCorp 2015). We used Cohen's f 2 as a measure of relative effect size (Selya et al. 2012) . Alpha was set at 0.05.
RESULTS
Social influences on exposure
We ran the model with random slopes on both in-and out-strength centrality. While the main-effects model differed from the control model (ΔAIC: -10.12, Χ 2 3 = 16.12, P=0.001), the two-way interaction model made no additional contribution (ΔAIC: 4.69, Χ 2 3 = 1.31, P = 0.727). The whole model was significant (Log likelihood = -15702.103; Wald Χ 2 5 = 40.51; P = 0.0001) and differed from the equivalent linear model without random effects (X 2 3 = 15.48, P = 0.017). Parameter estimates for fixed effects (Table 1 ) indicate significant negative relationships between degree of Exposure and both Grooming out-strength (f 2 = 0.033) and Grooming in-strength centrality (f 2 = 0.011. Figure 2) , as well as for Troop Identity. Examination of the pattern of ongoing activity indicates that these results were not a consequence of conducting the sweeps when the modal activity was grooming (Figure 3 ). While the overall distribution differed from expectation (Χ 2 3 = 347.37, P = 0.000), only grooming had an observed value that was lower than expected. Individual estimates of mean exposure are illustrated in Figure S1 .
-- Table 1 
Social influences on distance from the front
We standardised distance from the front of the troop by expressing it as a proportion of the distance between the front and back animals. We then ran the model with dominance and the social network measures as fixed effects, together with a random slope on out-strength centrality. We found no support for the prediction that dominant animals were closer to the front of the group (Table  1) . The model was not significant (Wald Χ 2 5 = 6.68, P=0.245) and differed from neither the control (ΔAIC: 4.16, X 2 3 = 2.7, P = 0.441), nor the null model (ΔAIC: 2.16, Χ 2 5 = 7.83, P=0.166). Individual estimates of mean exposure by rank are provided in Figure S2 .
The effect of mean exposure on foraging and vigilance
The results of the regression are reported in Table 2a . While the main-effects model was significant (F4,37 = 6.084, P = 0.0007. Adj. R 2 = 0.33) and differed from the control model (ΔAIC: -6.28, Χ 2 2 = 10.27, P = 0.006), the interaction model made no additional contribution (ΔAIC: +1.92, Χ 2 1 = 0.07, P = 0.79). Parameter estimates indicate that while vigilance increased significantly with increasing exposure (f 2 = 0.151), foraging effort decreased (f 2 = 0.116). These outcomes are illustrated in Figure 4 .
-- Table 2 
The effect of mean distance from the front on foraging and vigilance
The results of the regression are reported in Table 2b . The maineffects model was not significant (F4,37 = 1.67, P = 0.177. Adj. R 2 = 0.06). Parameter estimates confirm the difference between the sexes but reveal no significant effects for either vigilance (f 2 = 0.0001) or foraging effort (f 2 = 0.002).
DISCUSSION
Our results support the prediction that increased social integration carries a beneficial reduction in exposure to risk in adult vervet monkeys. More particularly, animals that are sociable -i.e. invest in grooming a wide array of partners, or who are extensively groomed by others -have smaller domains of danger and, even if only in the aggregate (Pollet et al. 2015) , spend less time vigilant and more time foraging. These twin benefits indicate that there has been no simple trade-off between safety and dominance-controlled access to resources for lower-ranking animals (Krause 1994 ). This may well stem from the fact that the spread of large groups in a mosaic habitat makes it easier, on the whole, to avoid agonistic contact (Hemelrijk 2000; Henzi and Barrett 2007) . There is support for this in the earlier finding that, while the rate of foodrelated aggression in our large groups does not differ from that recorded in smaller groups, the overall rate of aggression is much lower . That is, while animals may clash at concentrated food sources, they are less likely to do so under other circumstances. In the absence of the structuring influence of dominance rank, therefore, lower exposure to predation risk appears to be an unalloyed good for those that can engineer it.
Our relatively large, dispersed groups may also explain why higher ranking animals were not more likely to be found at the front of their groups. In these diffuse groups, as our results indicate, the 'front' may be an inadequate index of foraging potential and predation risk. That is, animals do not forage in a way (i.e., in some form of 'file' formation) that would result in there being a leading edge of animals that encounters new foraging patches ahead of all other animals, and would present a foraging advantage. Rather, in the case of such diffuse groups, a measure such as access to unimpeded foraging swathes, as suggested by Altmann (S.A. Altmann 1974) , is probably more appropriate, i.e., where animals attempt merely to forage along a trajectory that reduces the likelihood that they will encounter other animals in their path. The domains of danger we used in this study are likely to be a better index of risk from the animal's perspective.
Methodologically, our results point to the utility of using spatially explicit information in the analysis of social dynamics (Henzi and Barrett 2007) . Until recently, for example, the use of qualitative or abstracted estimates of position to identify individuals at the 'edges' and 'centres' of groups, has necessarily reflected procedural constraints that then impose a human-centred analytical framework that may only incidentally capture what is relevant to the animal itself (see Isbell et al. 1998) . As things stand, it is unclear whether our results differ from those observed elsewhere (Teichroeb et al. 2015) or other species (Heesen et al. 2014 ) because of differences in approach or whether they reflect the structuring effects of local environments and group size. Regardless of the outcome, converging on a common, realisable methodology will make it possible to interrogate such questions in productive and interesting ways.
Admittedly, the effect sizes in our study are small. This no doubt reflects the fact that our analysis is rather coarse-grained and that we have not characterised the environment fully in terms of variation in risk. That is, there are areas where actual predator densities are higher, and areas where risk of predation is higher due to the specifics of habitat structure. It may also be the case that movements near territory boundaries and the increased likelihood of inter-group encounters have an effect on spatial positioning within the troop that differs from the response to predation risk. All of these factors are likely to account for some of the unexplained variance, and we are currently working on further analyses to assess the impact of such effects. At the same time, our positional data are relatively coarse-grained, which results in somewhat noisy analyses although this is both demonstrably and powerfully remediable (Strandburg-Peshkin et al. 2015) , even if not always practical. Given its economy and relative ease of implementation, our aim here has been to demonstrate the overall utility of such an approach to studies of spatial structure, and, while even lowresolution data can be made to reveal underlying decision-rules during movement (Bonnell et al. 2015) , it is clear that more finegrained analyses will only help improve our understanding of how this is emerges in real-time.
The absence of rank-dominated social structure also reveals three things of relevance to the current concern with social influences on fitness outcomes (Silk et al. 2003; Berghänel et al. 2010) . First, it provides evidence that the short-term benefits of smaller domains of danger are not the passive consequence of patterns of spatial segregation mediated by rank or kinship (Henzi and Barrett 2007) , but can actively be pursued by group members, with the effects persisting beyond the interaction itself. Here, given that an animal's popularity is necessarily determined by the extent to which others groom it, its advantages are a by-product of others' social effort, and consequently less effective. On the whole, then, it appears better for vervets to give than to receive. Second, regardless of grooming direction, the benefits of spatial position accrue to those in both sexes with broad, rather than narrow, social ties. While much attention has been directed at the advantages of strong ties to a few associates (Silk et al. 2009 ), our results, both here and elsewhere (McFarland et al. 2015 . See also Murphy et al. in prep. for baboons), suggest that there are good reasons for social animals also to sustain wider affiliations. Also, while most studies have emphasised the long-term fitness benefits of sociability (Silk et al. 2009; Archie et al. 2014) , our results, both here and elsewhere (McFarland et al. 2015) , are beginning to identify the more immediate mechanisms by which patterns of social interaction come to generate fitness outcomes.
Third, and finally, assessing whether the tension between strong, ultimately competitive bonds, where different clusters of closely associated animals within a group vie for advantage (Cheney et al. 2012) , and weak, integrative ties is constant and inherent, or whether the relative value of each differs across time and/or populations and taxa, represent fruitful lines of enquiry, not only in terms of individual strategies but also with respect to the stability of groups. With respect to the latter, the dominant argument has been that group fission follows inevitably from the increased within-group competition associated with increasing troop size, with cleavage following time constraints on the ability of individuals to sustain strategic alliances (see, for example, Dunbar 1997). Our observation of the attenuation of rank effects, alongside evidence of the benefits of broad social integration suggests that the dynamics of group fission may be more interestingly nuanced than generally presented, at least in these larger vervet groups. Table 2 . Results from the linear model to test the consequences of (a) the extent of mean exposure to risk and (b) mean distance from the front of the group on vigilance and foraging effort. Animal sex and the troops to which they belonged were entered as control variables. 
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